The physical mechanisms of deformation and fracture that control the shapes of creep curves in superalloys are reviewed and creep by these mechanisms is modelled using the approach of continuum damage mechanics. 
The physical mechanisms of deformation and fracture that control the shapes of creep curves in superalloys are reviewed and creep by these mechanisms is modelled using the approach of continuum damage mechanics. The resulting constitutive and damage evolution laws for creep are thus fully compatible with the underlying physics of the process.
The equation-sets are implemented in a computer system (CRISPEN) that operates on an IBM AT or SYSTEM 2 personal computer to allow: (a) analysis of creep curves; ( 
Primary creep
In simple single-phase alloys, the strength of the material is a consequence of the dislocation network within the material. Primary creep is the result of hardening due to an increase in dislocation density with increasing strain until a steady state is reached when recovery exactly balances the rate of hardening.
The situation is rather different in multi-phase engineering alloys where primary creep can be caused by stress redistributions between the various heterogeneities in the material (eg between differently oriented grains, between soft matrix and hard particles).
Ion et a1 (4) have proposed a general model that describes the latter situation and is compatible with the successful empirical formulation of Webster et al(s) which has similarities to the primary component of the e-projection description of creep curves (6) .
where E is Youngs modulus, rp is the total primary strain and D is a constant characterising the rate of hardening.
Tertiary creep
Ashby and Dysan (7) have reviewed the range of phenomena that can lead to an acceleration in creep rate in the tertiary stage. The acceleration is caused by changes in external geometry and internal structure, with clear physical meaning, that can be defined as damage.
For superalloys there appear to be three important types of damage that can contribute to tertiary creep and these are shown schematically in Figure 1 . (2) where ci is the initial creep rate and CQ is a constant.
An alternative exponential softening model (4), which is used in the subsequent analysis, leads to the following equation.
where C is also a constant. b) Development cl Loss of external section through the reduction in area of cross-section associated with tensile strain during constant load tests also leads to a progressive increase in stress and this causes strain rate acceleration. Assuming constant volume, the reduction in area dA scales with the change in strain de which, for constant load, simply relates to the change in stress. In previous published work (11) (12) (13) (14) , the explicit forms of Equation 6 used to represent creep behaviour have been derived empirically. The important feature of the present study has been to derive explicit forms of Equation 6 that are consistent with the current understanding of deformation and fracture outlined in the previous section. By retaining the differential formulation and integrating numerically, it is relatively simple to consider the effect of variable loading conditions. The primary creep behaviour can be considered to be due to the development of an internal stress ai, due to stress redistribution in the heterogeneous material. Taking as the state variable S = ai/a where u is the applied stress we can write for the linearised form of the model(4):
where H,R are constants describing hardening and recovery respectively, S,, is the steady state value of S and R = HkminlSss. 
where ki is the initial creep rate and the constant C is the sum of three terms representing intrinsic softening, loss of internal section and loss of external section(3). Thus:
Integration of Equations 8 leads to Equation 3.
When both primary and tertiary creep occur, a two state variable description is required.
The two expressions describing i are combined in product (rather than addition) form to account for interactions between the two mechanisms; addition would imply that primary and tertiary creep were independent and co-existed throughout the entire creep life.
Thus :
The four-parameter set (iis Sss, H, C) completely describes changes in the variables at a given loading condition and each may vary with stress and temperature. Although i if i min, and indeed is not directly measurable from the creep curve, it can be estimated by the procedure indicated graphically in Figure 2b . The primar parameters can similarly be derived as described more fully by Taylor and Ashby( 
where the contribution of loss of internal section is insignificant, (ii) constant stress tests on MarM002 where low ductility is due to extensive grain boundary cavitation and (iii) single crystal SRR99 in constant stress conditions where crystal orientation is an important factor. Equation set 10 is clearly capable of representing the creep behaviour in all of these cases.
The parameter sets derived in this manner constitute a database representing the full shapes of the creep curves from which further calculations can be made. Inspection of Figure 3 shows that primary creep is relatively unimportant for most long term tests. The tertiary behaviour and the life are largely controlled by the model parameters ii Q kmin and C.
The procedures adopted for representing kmin as a function of stress and temperature in terms of power or exponential laws are well known and will not be discussed further here. Figure 4a shows that for directionally solidified IN738LC C(= Cint + n) is relatively constant over a wide range of stresses and temperature. However, for MarM002 a variable C can be associated with differences in creep ductility, as shown in Figure 4b , indicating the dominance of loss of internal section by cavitation: from Equation 9, C-n/3 cf.
Predictive Calculations
The procedure used by CRISPEN is to base predictions of creep curves for arbitrary stress/temperature conditions on the known model parameters for a reference creep curve at a neighbouring condition.
It is assumed that the values of H, S,, and C for the arbitrary condition are identical to those for the reference curve, but an appropriate value of gi is calculated from the representation of k (cr,T). In practice, the reference curve would be chosen to have a stress and temperature as close to the unknown condition as possible. Constitutive laws, expressed in the formalism of continuum damage mechanics, with clear physical meaning are capable of representing the shapes of creep curves for superalloys in both constant and cyclic stress/temperature conditions.
2.
A computer package (CRISPEN) has been developed to operate on these equations which is able to: The system has been evaluated on data for several nickel-base superalloys.
